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1. Introduction

Models for ocean surface wave forecasting in weatemtres comprise global and regional
systems in order to efficiently meet service demnsanost regional models aim to resolve details
near coastlines and be compatible with high resmiutmospheric models. However, these regional
models cannot run alone and have to use large aregobal models to provide boundary wave
spectra. The most traditional nesting techniquactsially running the two models together with the
regional model domain covered by both resolutiohao way schemes have also been developed, but
still require an overlapping 'stencil area’. Usamgunstructured grid technique, this overlappiray m
be avoided and boundary conditions can be simgltieflexible positioning of boundaries.

A spherical multiple-cell (SMC) grid (Li 2011) isdigned to relax the CFL restriction of Eulerian
advection time step at high latitudes by mergirgy ¢bnventional lat-lon grid cells as in the reduced
grid (Rasch 1994). It solves the polar problenirtbsoducing a polar cell and fixing the wave spaktr
reference direction within a high latitude circl&hese polar features of the SMC grid allow wave
models to be extended to high latitudes or evenathele Arctic if the Arctic sea-ice disappears in
future summers. The unstructured feature of theC3ld allows land cells to be removed from of
the model and boundaries to fit irregular coastline

A particular feature of the SMC grid is that it popts refined resolutions with reduced sub-time
steps, leading to an efficient multi-resolutiondgriThe SMC grid has been implemented in the latest
version of the WAVEWATCH Il (Tolman 1991, Tolman al. 2002). Additional efficiencies have
been incorporated into wave propagation schemeljdimg an upstream non-oscillatory 2nd-order
(UNO2) advection scheme (Li 2008), which saves a86%c advection time in comparison with the
original 3rd-order scheme, and a rotational refomcscheme, which removes the refraction angle
limit imposed by the original advection alike reftian scheme (Li 2012). This SMC grid is used here
to merge high resolution regional models into aseaesolution global model so that a single udifie
model could be used to replace the multi-model ajmaral forecasting suite.

The SMC grid can also be used for regional modkés dther unstructured grids. It would be
particularly useful for applications in irregulareas, such as the Great Lakes, the Mediterranesan Se
and even the whole Atlantic. The former two regi@o not need any boundary conditions (if the
Strait of Gibraltar is negligible) and can be ruisdependent models. Even for the Atlantic model,
the unstructured grid allows the model domain toektended conveniently to minimise boundary
conditions. Results from these 3 regional modelsalso be demonstrated. In comparison with the
existing unstructured finite element grid in the WAWATCH Il model (Roland et al 2009), the
SMC grid retains the finite difference schemes lon ¢onventional lat-lon meshes. Hence the SMC
grid is simpler and faster than the finite elengmid.

Besides, unresolved small islands incur errorgldibal ocean surface wave models as they are
important sinks of the ocean surface wave energynfdn 2003). Missed island groups in coarse
resolution global models lead to a persistent wpdediction of wave energy blocking. Although the
far field errors can be alleviated with sub-gricsthctions, high resolution around islands is stid
most appropriate approach for accurate swell ptiediclose to islands (Chawla and Tolman 2008).
The unstructured SMC grid can resolve small islaaiold coastlines with refined resolutions while

* Corresponding author addresBr Jian-Guo Li, Met Office, FitzRoy Road, ExetEiX1 3PB, UK
Emait Jian-Guo.Li@metoffice.gov.uk Tel. +44 1392 884885 Fax. +44 1392 885681



Li and Saulter 2013: Unified global and regionakeanodel on a multi-resolution grid.

keeping the vast open oceans at an affordableutésml This is an additional advantage of this
unified model.

This paper outlines the essential formulationhef EMC grid and illustrates its features with a
unified mode at 25 km global resolution and refid@dkm and 6 km resolutions near coastlines and in
the European region. The 3-tiered (6-12-15 kmpalanulti-resolution SMC grid (SMC6125) has
been validated with buoy data and compared wittb &® global lat-lon (G25) model. Here the
SMC6125 grid is compared with the Met Office opienadl global 30km (G30) grid, European 8 km
(Euro8) and UK 4km (UK4) regional grids. Other exdes of the SMC grid for the Atlantic Ocean
and the Great Lakes are also demonstrated.

2. Wave propagation on a sphere

The Eulerian ocean surface wave model is based?@hspectral energy balance equation. In the 2-D
spherical coordinates with longitudeand latitude , the equation is given by
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where (t, , , k, ) is any component of the wave energy spectruig,the timek is the wave
number, is the spectral direction usually defined from theal east directiony and are the zonal
and meridian components of the wave energy promagapeed,D, and D, are the diffusion
coefficients, ands the source term. The geophysical coordinatesdy are defined locally eastward
along the parallel and northward along the meridiagpectively. Their increments are givendsy=
rcos d , dy=rd , wherer is the radius of the sphere. The overhead ddatahes time differentiation
along the wave propagation path. The r3xspresents all source terms and they are unchdngad

the original WW3 model. Note that in WW3 model twave actionA° y /w, where is the

intrinsic angular frequency of the ocean surfaceayas chosen instead of the wave energfor
conservation when ocean current is present. Tive @&etion shares the same equation (1) as the wave
energy except that the source term is divided byHence all propagation schemes for wave energy
can be applied on wave action.

The spherical wave energy balance equation (fgrdifrom its Cartesian counterpart in the
meridian differential term by an extra cosine factwhich renders the term undefined (singularhat t
Poles. Thus, except for at the Poles, Eq. (1) marapproximated with finite-difference schemes
similar to those used in the Cartesian grid. Thly difference between the Cartesian and spherical
versions of these finite-difference schemes is thatlatter has an extra cosine factor. Because th
SMC grid retains the lat-lon grid cells, the wavergy balance equation (1) is also valid on the SMC
grid.

The diffusion term in (1) may be considered asdhb-grid mixing term because the model
wave spectrum represents the spatial average owergdd cell. This diffusion term is usually
parameterised to alleviate the so called gardeimidpr effect (GSE) due to discretization of thevewa
energy spectrum (Booij and Holthuijsen 1987, TolrAaa2).

One primary physical process that affects surfaese propagation is the depth-induced
refraction. Refraction formulations in contempgraurface wave models are based on the linear
wave theory, assuming slow-varying ocean depthe rEffraction on the SMC grid follows the same
formulations in the WW3 (Tolman 1991):

k=-xkxNh- kNU, (2a)
g, =-xnxxh- n>xNU, (2b)
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wherek =(kcos, ksin ) is the wave number vectdn, is the water depthN is the 2-D gradient
operator,Uy is the ambient current velocity component alorgkttdirection, x = W/Sinh(Zkh) will

be referred to as theefraction factorand andn = (-sin, cos) is a unit vector normal to thie
direction to the left or at + /2. The wave number change rate (2a) is also knasvthe spectral
shift and the direction change rate (2b) is calledrefraction rate. More details on derivatioritafse
refraction rates are available in Li (2012).

Wave energy travels along the shortest route erotlean surface, that is, along great circles on
the sphere. So a wave spectral component wilbeotonfined at its defined direction but will shift
gradually with latitude along its great circle paghprocedure known as great circle turning (GCT).
Assuming the great circle direction is at an angheom the local east direction at latitude the
product of cosines of these two angles is consereed the great circle path, that is,
cosgcos =const, which provides a simple rule for navigation alayrgat circles and leads to the

following GCT rate along the propagation direction

Gyt =~ (cg /r )cosqtanj ()
wherec, is the wave group speed defined by

¢, = Cyq(tanh(kh) + ki cost? (kh)) (4)

in whichcgq = 0/2 is the group speed in deep waters. The net wagetidn changing rate used in
(1) for the SMC grid is then the sum of the refi@ctate (2b) and the GCT rate (3).

3. Numerical schemes on a SMC grid

Scalar advection schemes on the SMC grid are destin Li (2011). Here summarised are other
terms in (1) and treatment of advection and diffiasin the multi-resolution SMC grid. It also taekl
the polar problem with vector components at higitudes.

3.1. SMC grid cell and face arrays
A global SMC grid is shown in Fig.1. For claritynly the Arctic region is shown here. The

highest resolution of the SMC grid (for size-1)ld¢glset to be = 360°/(1024*4) = 0.3515625°/4 and

= 180°/(768*4) = 0.234375%4 and the latitudinatldength is about 6 km. The SMC grid uses
only the sea points or cells and refines the résoiuby two levels to 6 km around islands and
coastlines, resulting in a global 3-level (6-12K#) SMC grid on ocean surface. This SMC grid will
be referred to as the SMC6-25 grid. Cells are eetdgngitudinally at high latitudes following the
same rules in Li (2011) to relax the CFL restriotioA unique 5-element integer array is assigned to
each cell to hold its SW corner, y-indices (, j), cell x-, y-sizes (i, j), and water depthhf, as
illustrated in Fig.2. The- and y-indices are measured in size-1 cell incrénse the cell centre
latitude and longitude can be worked out with

ji=(io+i+05*Dj)oj; 7 =(ip+i+05*Di)D/ (5)

whereiy andj, are the origin of the ced andy-indices relative to the zero-meridian and the Egya
respectively. For the SMC6-25 grid, the origintbé grid indices is set at zero-meridian on the
Equator so both, andj, are zero. The mapping rule (5) is exactly theesamthat for the lat-lon grid
cells except for that the SMC grid cells are notaged in spatial sequence (hence is called an
unstructured grid) and their sizes may change tmykiple of 2 (size-1, size-2, size-4, ...). The thep

h is also rounded to an integer so the whole ceflyacan be declared as an integer array. The cells
are listed as a 1-D array and sorted by thaize for use of sub-time steps on refined cedease
note that the sorting is on tlyesize not thex-size because the cedlsize may change on the same
resolution level due to the longitudinal merginchagh latitudes. The cejksize will be in ascending
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order in the sorted cell array list and the numdfezells for each resolution level (of a givesize) is
listed on the first line of the cell array file eftthe total cell number. This cell number cownits be
used for declaring the cell array variable andrsgtip the sub-loops for propagation schemes.

It should be emphasized that the cell size hasetancreased no more than 1 level for any
neighbouring cells, that is, around a size-1 dadl neighbouring cells can be either size-1 or 2ize-
Similarly, size-2 cells can be linked to cells bétsame size-2 or either 1-level down (size-1)-or 1
level up (size-4). This 1-level size change ruisuges resolution varies gradually and simpliffes t
face flux formulation. Putting cells of more thanlevel difference in sizes sided by side would
jeopardise the present face array generating progra
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Fig.1. The Arctic part of the SMC6125 grid.

Once the cell arrays are compiled in the sortelgmrcell face arrays can be generated with an
extra FORTRAN code. Cell faces are named by itsnabvelocity components as or -faces. An
7-element integer array is pre-calculated for dack to store its face position, size, and its nesh-
central-downstream (UCD) cell indices. An exyraize integer is added for theface array for
sorting purposes. Face sizes are chosen to bmitlimum size between the two neighbouring cells.
For a cell face neighbouring two cells of 1-leveldw, the face is divided into two faces of the
lowered level size. This minimised face size eeswne face links two cells only. The face arrays
are also sorted by itgsize so that the multi-resolution advection/diffusloops can be divided into
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multi-step sub-loops. The total face number armsuel face numbers are listed on the first lifie o
the face array file for propagation and mappingopses. The face arrays are used to calculate the
advection-diffusion and the depth gradient.

For the unified model, the SMC6-25 grid is refinedthe Euro8 and UK4 regions at 12 km
resolution by replacing size-4 cells with size-AsceThis refined grid is referred to as the SMeb1
grid. Outside the Euro8 region, the SMC6125 grialéntical to the SMC6-25 grid so its global buoy
comparison results are identical to those of th€€6M5 grid shown in Li (2012).
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Fig.2. lllustration of SMC grid cell arrays.

3.2. Advection-diffusion schemes

The L.h.s terms in (1) are calculated with timétspg approaches by combining the first (time
differential) term with each of the other 4 termEhe advection-diffusion terms are discretisedha t
SMC grid with one flux loop and one cell loop fach dimension. Note that the diffusion term used
here is slightly different from the original GSE @othing term (Booij and Holthuijsen 1987). The
original diffusion term is designed to enhancetthasverse smoothing because a first order upstream
advection scheme is used and it has already intemtlatrong smoothing along the wave propagation
direction. The asymmetrical diffusion results icrass term in Cartesian coordinates. In this SMC
grid wave model, the advection is estimated withu@stream non-oscillatory"2order (UNO2)
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scheme (Li 2008), which is adapted from the MINM&&heme (Roe 1985). As the implicit diffusion
of the 2% order advection scheme is much smaller than théieofirst order scheme, the diffusion
term is simplified to be isotropic so the crossrteranishes. Besides, the refraction and GCT term
provides extra directional smoothing, which makes tbtal smoothing biased towards the transverse
direction, similar to the original asymmetrical sstiing term.

The advection flux with the UNO2 scheme and tHéusiion flux with a central-space finite
difference scheme forwaface between the central and downstream cellmarged into a single flux,
given by

DFX = (Uy *- DXGDC )Ith (6)

where * is the mid-flux value evaluated with the UNO2 solee(see Eq. (6) in Li 2008%pc =( p —
o)/(Xp — X)) is the gradient between the central and downstieglls,l, is theu-face length andt is

the sub-time step. Both the advection and diffusschemes are of'Rorder accuracy. In the
presence of an ambient ocean current, the wav@yepeopagation speed in the x-direction should be
the sum of the group speed and current speed canmrhat isy = c; cos + U,

The diffusion coefficientD, = D, is specified by the spectral component propagagieeed,
directional bin width and a user input swell ageapzeter as the transverse diffusion coefficlgptin
the original model. The swell age has the samenmgas in the regular grid WW3 model and it has
to be adjusted according to the base-level gridjtlkerand the advection time step (diffusion is
calculated at the same time step as advectiomdore the maximum Fourier number is less than 1 or
usually set to be 0.5. A guide rule for the maximawell ag€l is given by

2 2
C,qD
p = X DBLlgl o 7.6 Dy @)
Dx, 12 2 Dt, c,.Dg

in which t, is the advection time step, X, is the base level grid length on the Equator, is the
directional bin width (in radian) ang, is the maximum deep water group spegg (n the model
spectral range (usually at the lowest frequency).enfithe swell age is set too large, the diffusio
term will become unstable and eventually bring iiedel to a crash. It would be convenient if the
swell age was reduced automatically inside the inatben users accidentally set it too large. This
automatic adjustment, however, has not been sgétup

A temporary net-flux variablds,, is used for each cell to gather all fluxes irfite tell before it
is used for the cell value update. The flux (6adsled to the downstream cell net-flux variable and
subtracted from the central cell net-flux variabléhe same time for energy conservation. Theotise
face sizes and the net flux variables allow flufesn different sized faces to be added up in
proportion to their face sizes. After the facepdas completed, each cell value is updated in & cel
loop by

y™=yr+Fa /() ®

wherel,, is the cellx/y-length. The cely-length is required fox-flux update to cancel the face length
used in sum of the fluxes in proportion to th&ace length. The-face fluxes are calculated similarly
except for the additional latitude cosine factor.

For the multi-resolution SMC6-25 grid, the facedarell loops are sorted into 3 sub-loops
according to theiy-sizes, thanks to the unstructured nature of th&€3jvld. Advection-diffusion
terms for the refined 6- and 12-km cells are calimd at ¥ and %2 of the base level time step, $hat i
the 6-km flux and cell loops are done twice befiwe 12-km flux and cell loops are calculated once.
The base level flux and cell loops are only calidaat each base level time step. The temporary ne
flux variable is used to accumulate fluxes betwedierent levels and is reset to zero once it isdus
for its cell update. The simple loop-regroupinghtéque for multi-resolution SMC grid allows a
smooth transfer from a single resolution SMC grid & multi-resolution grid with optimised
efficiency.
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Another feature of the SMC grid is the unificatiohboundary conditions with internal flux
evaluations. Cell faces at coastlines are assumbd bounded by two consecutive empty cells when
the face arrays are generated. Thus, any wavegyerteansported into these empty cells will
disappear, and no wave energy will be injected afuthese zero cells into any sea cells. This
convenient setup conforms to the zero wave eneogydary condition at land points used by ocean
surface wave models and allows all the boundaryfaebs to be treated in the same way as internal
faces in one face loop. In addition, the perioBoundary condition for a global model is
automatically included by the unstructured grich sBort boundary loops are avoided in the SMC grid
propagation schemes and the full face and cell doape streamlined for vectorization and
parallelization.

An additional benefit of using two consecutiveazboundary cells beyond the coastline is the
complete blocking of wave energy by single-poidarisls. On a conventional lat-lon grid, wave
energy can ‘leak’ through a single-point island ttwéhe interpolation with neighbouring sea points
transport schemes which use a 5-point stenciltlieeUNO2 scheme. In the SMC grid, any single-
point island is extended with two zero cells beyaadoundary face. As a result, wave energy canno
pass through such ‘expanded island’. Neverthewds,grid obstruction scheme from the original
WAVEWATCH Il model is kept to count for islands esolved by the 6-km resolution. The sub-
grid obstruction scheme follows the approach ofdylaat al (2000) with some modifications (Tolman
2003).

3.3. Refraction and spectral shift schemes
It should be emphasized that the linear surfaceewlaeory is only valid when the water depth is
non-zero (Falnes 2002). Whdnapproaches zero, for instance, the refraction 2@ becomes

undefined because thefactor approaches infinity (~ 05,/g/h). It is then customary in wave

models to use a minimum water depth for the refsacterm. A minimum water depth of 10 m is
recommended and the refraction factor will therelss than 0.5.

Apart from shallow water depth, steep ocean flat large time step may also result in a large
refraction rate. For instance, if the discretetdegpadient is assumed to bé/ x = 0.1 and time step
is t=1000 s, the maximum refraction angle per tinag shight be t h/2 x ~ 50 rad or about 8 full
circles, which is no longer physically meaningfuldais too large to fit into any advection-like
refraction schemes used in contemporary wave mod€lse way to avoid this unrealistic large
refraction increment is to use a small time stefpthig usually turns out to be too restrictive Yaave
models. Since refraction in a wave model is uguallminor process and is confined to coastal
regions, the refraction increment is simply redutefit for the advection-like CFL condition in sem
wave models (WAMDI group 1988, Booij et al 1999 )man etal 2002). The CFL condition requires
the refraction angle increment per time step téebe than one directional bin width (about 10°),and
of course, reduces the refraction effect. Thestatersion of the WAVEWATCH Ill model uses sub-
time step to relax this restriction on the refractierm.

Here for the SMC grid wave model, a rotation sohes substituted for the advection-like
scheme to estimate the refraction term so thaCte limit can be avoided. The rotation scheme is
similar to a re-mapping advection scheme and isnitionally stable. Although the rotation scheme
does not have any limit on the refraction incremém refraction angle should not pass beyond the
depth gradient line (whera sNh = 0) as stated in the refraction rate (2b). This phaldimiter on
the total refraction angle is included in the rioiatscheme. The angle between the spectral directi
and the depth decrease direction is calculated by:

g= cos‘ll_- (hX cosqg + hysinC/)/Jhx2 + hj] (9)

whereh, andh, are the water depth gradient along x and y aeispectively. Because FORTRAN
function ACOS returns value between 0 andhe maximum refraction angle (absolute valughén

chosen to be less thaf2 with Dq,,.., = min(2, g, p- g). The constant (< /2) is a user-defined

maximum refraction angle to reduce the refractiface if required. If is set to be less than one
directional bin width, the rotation scheme will bguivalent to the original advection-like scheme in
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the WAVEWATCH Il model without using sub time s&p For the present comparison study, the
refraction limiter is set to be/3. This refraction limiter may prevent all diriesctal components from
converging at the depth gradient direction withive dime step, which may result in unrealistic large
wave energy like caustics in ray tracing modelsaldo creates room for merging the refraction with
other directional changing terms, such as the ¢tfna by ambient current and the GCT term.

The GCT term (3) can be fit into an advection-ld@heme because it is usually less than one
directional bin (~ 10°). For instance, if the tistep is less than 900 s, the GCT angle (3) wilelss
than 1° per time step below 85° latitude, as theevpmopagation angular speeglr, is on the order of
10° rad §'. However, as the refraction term is calculatethvai rotation scheme in the SMC grid
model, the GCT term is simply appended to the ctifsa term to form a total rotation angle. The
rotation subroutine rotates each directional corepbby the combined angle and partitions its energy
into the two directional bins which the rotated atedes across after the rotation. This simple
rotation subroutine not only removes the time segtriction on the refraction angle but also adus a
implicit diffusion in the direction because its implicit diffusivity is egailent to that of the first
order upstream scheme. This additional smoothintheé transverse direction is desirable for wave
models to mitigate the GSE.

The spectral shift term, fourth in (1), is caldethwith an advection-like UNO2 scheme in khe
space because the spectral shift is usually smaligh to meet the CFL condition. The term is
calculated at the base time step for all cell spect

3.4. The polar problem

The ocean surface wave energy spectrum is usugfiyedi as discrete directional components from a
reference direction at the local east and eacletibreal component is assumed to be a scalar in wave
propagation. This scalar assumption has been takagranted in finite difference schemes, such as,
calculation of the local gradiemBpc = ( b — )/(Xo — %), Where the vector components and ¢

for the two neighbouring cells are assumed to likeasame direction, that is, to be treated aglarsc
This scalar assumption is a good approximatiorafgtobal wave model when the ice covered Arctic
area is excluded. However, the scalar assumpggorbes erroneous at high latitudes on a reduced
grid since the change of direction over one gritiite grows too large to be ignored. For instairce,
the SMC6-25 grid (see Fig.1) there are 8 cells idiately around the polar cell, the local east
direction changes by 45° over one cell length. Twalid scalar assumption based on local east
reference direction in the polar region preventtemsion of ocean surface wave models at high
latitudes. This problem can be avoided by switghim a fixed reference direction, for instance, the
map-east direction as viewed on a stereographjegiron of the polar region. Assuming the angle
from the map-east to the local east jghe wave spectral component for a given directibangle

from the local east will have an angle= + from the map-east. Its zonal and meridian group
speed components are then given by

= (-
c, c.osq_ c, c-os(q a) 10
¢, sing =c,sin(g¢- a)
Note that the polar cell does not have a local diasttion so the velocity could not be definedhat
Pole as zonal and meridian components. In the & however, only the meridian velocity
component at the edge of the polar cell is requéned there is no need to define the velocity at the
polar cell centre. This is one of the advantadassimg a polar cell centred at the Pole. Nevéetgwe
velocity components at the Pole can be definedhénfixed reference system but they could not be
converted into the local east system.

Because a given directiori from the map-east is constant in the Arctic regitwe spectral
component in the map-east system can be treatedsealar for transport in the polar region. Fear th
velocity in a dynamical model, its components altimg map-east { = 0) and map-north ({ = /2)
can also be approximated as a scalar in the petaon. Their transport velocity components in the
standard grid are then given by (9) after substigutheir corresponding component value'sgnd ')
for ¢4, respectively. The polar cell can hold velocitywave spectrum in the map-east system as
scalars for transport but they do not need to lbweed into the local east system.
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This map-east direction can be conveniently apprated with a rotated grid with its rotated
pole on the Equator. The standard polar regiooines part of the ‘tropic region’ in the rotateddgri
so the longitudinal direction of the rotated grighcbe substituted for the map-east direction. For
instance, if the rotated pole is at 180°E on thedkay, the angle from this map-east to the local east
at longitude and latitude within the Arctic region can be worked out with:

cos/ sin/
J1- (cos/ cog

a =sgn(cog sin/)arccos (11)

If the map-east is used within the Arctic regiorddocal east in the rest for definition of the
wave spectrum, there will be no fixed correspondinmponents between the two systems because
varies with longitude and latitude. For this regswave spectra defined by local east could not be
mixed up with those defined from the map-east dredArctic region using the map-east reference
direction has to be separated from the rest whags local east reference directions. In the SMd gr
shown in Fig.1, the reference direction changeetsbetween the3(at about 83°) and™4(at 86.4°)
size-changing parallels (see definition in Li 2QMhere the local east direction changes less 3han
over one cell length as there are 128 cells inrome The Arctic part and the rest (will be referte
as theglobal par) are linked together through 4 over-lapping rowWgave spectra in the lower two of
the 4 over-lapping rows in the Arctic part are updawith wave spectra from the global part afteyth
are rotated anticlockwise by Wave spectra in the upper two rows of the 4 -¢seping rows in the
global part are updated with wave spectra from Ahetic part after a clockwise rotation by.
Because of the unstructured nature of the SMC ¢higl Arctic cells are appended behind the global
part in the single cell list for propagation. Tiwe parts can be conveniently separated by usibg su
loops. The overlapping rows are treated in theesamy as other cells so the propagation is caledlat
together for both parts. Wind direction and ottigection related source terms have to be modified
within the Arctic part to use the map-east refeeedicection.

If only the velocity components are dealt withhinit the Arctic (such as in a dynamic model),
there is no need to work out the angle itself. Tbsine and sine of the rotation angle will be gftou
for velocity conversion between the map-east awdlleast system. The rotation angle cosine and
sine are given by

/ sin/ . in/
cosa = cos/ siy , sina = S , (12)

J1- (cos/ cog } J1- (cos/ cog

The conversion between the map-east velocity commsm’ and
componentsi and are given by

and the local east velocity

u¢ cosa -sina u u cosa sina u (13)
ut  sina cosa U’ u -sina cosa ut

That is, the local east velocity vector is rotadeticlockwise by the angleas viewed in the map-east
system. The wind component relationship (12) may bBe used in the Arctic part to convert the local
east wind to the map-east wind for wave model soteans.

4. Comparison with global and regional models

A global SMC grid model similar to the SMC6125 rebtere but without the refinement of 12
km resolution in the European region (SMC6-25) Iesn compared with a regular grid global model
at 25km resolution (G25), the same base resoluiche SMC6125 model. It has been shown that
the SMC6-25 model is comparable with the G25 maahel the results are available in Li (2012). A
comparison of the SMC6125 model with the previodC8-25 model has confirmed that the
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SMC6125 model performs very similarly to the SMGH+2odel and has better performance in the
European region than the SMC6-25 model becaudsedhtreased resolution. An Arctic view of the
SWH field from the SMC6125 model is shown in Figr8d it confirms that the minimum sea ice edge
around the beginning of September 2012 is stilbWweB6°N, within the global part of the SMC6125
model. So the Arctic part of the SMC6125 modebfabthe yellow circle in Fig.1 or Fig.3) has not
been activated for this study. Comparison of tMC8125 model with 30 spectral buoys for four
months, September-December 2012, is shown in Righith shows both the SWH and 4 sub-range
wave height (SRWH) scatter plot (details see Li Sadlter 2012) and is comparable with that of the
SMC6-25 model as shown in Fig.5 of Li (2012).

Here the comparison will be concentrated on oratpnal models, including the global 30 km
multi-grid model (G30), the European 8 km modelr@) and the 4 km model around the UK waters
(UK4). The G30 model uses a multi-grid versiontted WW3 model with the middle main domain
covering from 65.5°S to 72.0°N at a resolution lodw 30 km and two polar stripes connecting the
main domain to the polar regions at reduced resoludf about 60 km. It is not a surprise that the
SMC6125 model is better than the G30 model becthseSMC6125 model resolution is, overall,
better than the G30.
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Fig.3. SWH from SMC6125 model at 1200 hr on O6tSaber 2012, close to the minimum Arctic
sea ice in summer 2012.
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SMCTCs model via A30Bs during 20120901-1231
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Fig.4. Comparison of SMC6125 model SWH with 30 ctfz buoys form 1 September to 31
December 2012 (top single panel) and their 4-bikVERoreak down (bottom 4-panels).
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Euro8km SWH

1800 hr

2012/12/28

Fig. 5. Met Office European 8 km operational wavadel grid and swh on 20121228 at 18 hr.
12



Proc. the 13th International Workshop on Wave Hasgling and 4th Coastal Hazards SymposiBanff, Canada, October 2013

Fig. 6. SMC6125 model grid and swh around the Blkra model area for comparison.
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Fig.7. Comparison of UK4 and SMC6125 grids and SWiH.5 Dec 2012.
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The Euro8 model is framed on a rotated grid, dageroughly 25°W to 45°E and 30°N to 70°N
at constant resolution of 0.08° at both directio$g.5 shows the Euro8 model grid and its typical
SWH output on 28 December 2012. The rotated N-Polket 177.5°E and 37.55N° so the rotated
Equator is about 52°N at zero meridian, or appraxéty crossing London, UK. Fig.6 shows the
corresponding model grid and SWH plots from the $#Z5 model around the area covered by the
Euro8 model. Because the SMC6125 grid uses stdnid&ion meshes, its size-2 longitudinal
resolution in the refined European region has dhalwse to that of the Euro8 model due to increased
latitudes. The small ‘+' symbols in the SMC6125dgpiot indicate the positions of ocean wave buoys
used for this model comparison.

The UK4 model is also on the same rotated grithed€=uro8 model but at the higher resolution
of 0.04° for both lat and lon dimensions. Its gaitd SWH plots are shown in Fig.7 along side with
the corresponding ones from the SMC6125 modele Site-1 cell is very close to the UK4 cell while
the size-2 cells are more than doubled the UK4ceflo the SMC6125 grid is coarser than the UK4
except for near the coastlines.

Fig.8. Comparison of performance of Global (30kiBMC6125 and UK4 (4km, nested within
Global) wave models in prediction of significantwgaheight for in-situ platforms in the Southwest
Approaches to the UK. Plots in columns from ladt right show bias and RMSE through 5%
subsamples of the model significant wave heighgjeaiiaylor plot; and Quantile-Quantile plot of data
at 0.1% intervals from 0.1-99.9%.

Fig.8 and Fig.9 show results of a verification camgon between the SMC6125 and test
configurations of the operational G30 and UK4 wanadels. The verifying data in these cases were
taken from in-situ platforms contributing to theQKIM inter-comparison of operational ocean wave
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forecasting systems (Bidlot et al., 2002). The ®xamples illustrate the performance of the SMC
model in environments where the proximity of lanidl affect the fetch to the measurement locations
in a number of directional sectors. In the Soutstwipproaches case (Fig.8) the influence of waves
generated in open waters of the Atlantic is exgbettebe more significant than in the case of the
Central North Sea (Fig.9).

Fig.9. Same as Fig.8 but for in-situ platformshea Central North Sea.

The upper row of panels in Fig.8 compare the G30 & C6125 models when run using
Tolman and Chalikov (1996, TC96) source terms. hédigh both models show a trend for over-
prediction at significant wave heights over 4m (@pgdeft and right panels), a substantive
improvement in bias, RMSE and correlation (showrabshift toward the x-axis in the Taylor plot)
can be seen for the SMC6125 data. The centrabf@anels shows a comparison between SMC6125
and UK4 models using the TC96 physics. Althougtratation is improved in the UK4 configuration
compared to the G30 data (upper-centre and ceetrgecpanels), the influence of the G30 boundary
conditions are such that the overall bias and R&&ormance of the SMC6125 configuration is still
better than the UK4. In the lower row of panelssians of the SMC6125 and UK4 models using
WAM4 derivative physics following Bidlot (2012, E@)L are compared. The use of the revised
physics package significantly improves performaotéoth models, particularly in terms of bias for
wave heights beyond 4m (right hand panels) andivelastandard deviation of the model versus
observed data (centre panels). The comparisoneketwhe two models is closer, but still puts the
SMC6125 ahead of the UK4, probably because the WKthis run was still nested into a TC96
version of the G30.

In the Central North Sea case (Fig.9) the pan@ssar out using the same runs as described
previously. Again a substantive improvement carsben between SMC6125 and G30 models in
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terms of RMSE, correlation and (this time) prediotof significant wave heights above 4m. With the
influence of the global boundary condition weakeiredhis region, performance of the UK4 and

SMC6125 TC96 driven models (central panels) islaimiApplication of the EC12 source terms leads
to improvement of the UK4 prediction of high seatas$ (lower right panel) and improvement in

correlation for the SMC6125 model (lower centregganThe two models are shown to compare very
closely in this instance.

Comparison of in-situ platform observations witle tBuro8 model yields similar result as the
SMC6125 model but the result is not shown here.er@ll these examples suggest that the SMC
model is capable of meeting its designated aimasta. provide an improvement beyond a regular grid
global model and achieve similar levels of accurtacg high resolution nested model in regional seas
Although subject to further testing these resufipear to be robust to changes in the source term
physics used by the model.

5. Other example of SMC grids

i) Atlantic SMC6-25 grid

The Atlantic SMC6-25 grid shown in Fig.10 is aimwl selection of the global SMC6-25 cells
over the Atlantic Ocean. Thanks to its unstructunature of the SMC grid, a portion of the global
cells can be regrouped to form a regional moded. minimise boundary input, the selected Atlantic
domain follows coastlines all the way from the Ant to Arctic except for a few short cross-
sections, particularly the two over the Sothernadcdetween the Cape Horn in S America (69W) and
Cape Agulhas (20E) at the tip of S Africa. Theaftic domain is retuned to remove unimportant
branches at the outskirts, such as the Gulf of btexhe Hudson Bay, and the Mediterranean.

Only the two cross-sections in the Southern Oaanfed with boundary conditions for the
Atlantic model. Boundary conditions at Strait abfaltar, Baltic Sea, Gulf of Mexico (La Habana -
Miami), Hudson Bay, and Baffin Bay are ignored lzsytare either quite small or sheltered by nearby
islands. In WW3, boundary conditions are appligddbfined grid points which can be anywhere in
the grid. As SMC grid works with boundary poinmtstihe same way as in the regular grid, there is no
major issue in adding boundary data except fomdeafn of the boundary cells. The boundary data
for the Atlantic model can be generated either bggalar grid or the SMC grid global model.

The Atlantic SMC6-25 grid is presently used in Met Office ensemble forecast. Fig.11 shows
a SWH 'postage stamps' at T+54 for the North Atainom a 24 member wave ensemble presently
under evaluation at the Met Office. Ensemble pbetions are introduced by variations in the fogcin
winds and (member consistent) starting conditisiaguthe T+6 forecast condition from the previous
run. The members show considerable differencesweldpment of very rough or higher seas between
Greenland and the UK, and in the development ofewander Tropical Storm Humberto.

i) The Great Lakes SMC0512 grid

Fig.13 is a regional model to cover the Great kakievariable resolution from 0.5km
to 2 km. As the Great Lakes are isolated from tteaas, this model domain does not need
any boundary conditions. Also note the southemeeaf the corresponding regular grid at
2km resolution is above the Equator so the SMC gridrence origin for the y-indices is no
longer on the Equator but at the southern edgeeofdbular grid. The bathymetry data are
from NCEP/NOAA and the water depth has been adjustée relative to the low water level
in each lake. A test run forced with the Met €éf25km global wind for one month in Sept
2012 (with 10 days spinning up) has show that tleeleh matches well with surface wave
observations from the spectral buoys marked in1BigA SWH field with the maximum
SWH during this one month run is shown in Fig.T?he wind sea is slightly underestimated
due to the coarse wind forcing and there is haadly swell in the Great Lakes due to the
limited fetch. These spectral features are illusttavith the 4-bin SRWH scatter plot shown
in Fig.12. The long swell bin (T>16 s) is almost ¢&yrgnd most wave energy is concentrated
in the short wave bins (T< 5s and 5-10 s).
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Fig. 10. The Atlantic SMC6-25 grid for ocean sugacave model.

6. Conclusions

Results indicate that the SMC6125 is better thenG30 global model and comparable with the
two regional models at higher resolutions. The $¥®5 model cpu time is slightly longer than the
G25 one, due to increase of cell numbers at refiaedlutions and the requirement to use an irregula
grid UNO2 advection scheme. Improvement may beiptesif regional high resolution wind forcing
could be blended with the global wind field anddis drive the high resolution part of the SMC6125
model, as in these experiments the whole domaindnresn by 25km wind forcing. Nevertheless, the
unified wave model is capable of replacing the @néglobal and nested regional operational suite,
greatly simplifying the operational wave forecagtjab without sacrifice of accuracy. Applicatioofs
the SMC grid for regional models will also benefibom the unstructured feature and variable
resolutions.
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Fig.11. Ensemble forecast of SWH from the AtlaMC6-25 model.

Fig.12. Four-bin SRWH comparison with spectral lufoyr the Great Lakes over September 2012.
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Fig.13. The SMCO0512 grid for the Great Lakes.
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Fig.14. Simulated SWH field from SMC0512 model fioe Great Lakes on 20 September 2012.
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